The shapes of cervical (C1-C7) and upper thoracic (T1, T2) vertebrae from the rat and the grey-headed flying fox have been analysed by Fourier analysis to investigate the types of variation present and to try to isolate bones according to position along the vertebral column and species. It was found that the T2 vertebrae of the rat are very different from all others in the study, that C2 and C6 vertebrae are very similar and that the remaining vertebrae split according to species.

The understanding of homeobox gene function which we are now obtaining is revolutionising our concept of the way in which developmental biology works. Homeobox (hox) genes, present in all phyla so far investigated from Poriphera to vertebrates, are highly conserved regions of DNA which are activated colinearly in space and time, and are concerned in pattern formation. Recent reviews (e.g. Burke et al. 1995) emphasise their ubiquity and involvement in many systems. In mammals, hox genes are known to be involved in patterning in many areas, including the limbs, teeth, nervous system and vertebral column.
Kessel & Gruss (1991) described a sequence of homeobox genes expressed in temporal order along the length of the vertebral column. Studies of homeotic transforms (conditions in which one vertebra is transformed into another) suggested to these authors that the individuality of each vertebra might be based on a unique, or highly distinctive hox code, i.e. a combination of linear sequences of hox genes which is active at a critical period in development. Other vertebrates appear to express their hox genes differently. Godsave et al. (1994) genes in Xenopus may be concerned with dorsoventral rather than anteroposterior patterning of the mesoderm and were not expressed in somites. On the other hand, Prince et al. (1998) found that, although the anterior limits of the expression of the zebrafish hox genes were compressed, and genes over and above those found in mammals were present, there was expression in somites and lateral plate mesoderm. The latter authors were comfortable with the idea of hox coding and discussed the fact that modifications vis a ' vis mammals may reflect the major differences between fish and mammal in skull and axial skeleton.
Data from other mammals are sparse, but strong correlations between hox gene boundaries in mammals and birds (Burke et al. 1995) , despite the differing numbers of vertebrae present, suggest that the mouse code might well serve as a model for other mammalian species.
The individuality of a vertebra lies in its shape. We might reasonably suppose that the shape of a vertebra is ultimately dependent on its hox code (Johnson & O'Higgins, 1996) . This, of course, is a very simplistic view : hox genes are likely to instigate a cascade of other genes which influence shape via known and as yet unknown mechanisms. External factors such as diet, exercise and growth are also known to affect the shape of the skeleton secondarily, although the largest controlling factor is undoubtedly genetic. But this underlying simplistic idea must be basically true : if hox genes determine the individuality (shape) of the vertebrae (via whatever complex intermediate means), then shape should be related to hox code.
Shape is very difficult to measure, but over the past 10-15 years we (Johnson et al. 1985 , Johnson, 1997 have developed and applied methodologies which measure shape difference sufficiently well to enable us to distinguish between vertebrae from mice differing by a single (major) skeletal gene, from different inbred strains (where many genes are likely to differ), from mice of the same genotype at different ages, and from those raised on different diets, etc. The sum total of genetic and environmental factors should constitute the shape difference between species.
If this is true it leads to a potential paradox. The hox code is believed to be highly conserved and probably invariant over a large number (possibly all) mammals. Yet the vertebral columns of quite closely related species obviously vary in shape. How can we reconcile these facts ? The experienced worker can easily pick out any vertebra when presented with a cleaned set of disarticulated bones from a single individual since the morphological appearance of each vertebra has properties which we can use in identification. But vertebrae are also species specific. If a few bones from another species (even one of the same body size) are introduced these can also be distinguished. Archaeologists rely on this to identify food species in a midden and zoologists to identify prey in an owl pellet. Taxonomists distinguish fossil species from a mixed deposit and anthropologists may even be able to distinguish between individuals in a population.
The morphological characters of a given vertebra seem therefore intuitively to be divisible into 2 groups, say ' C3ness ', which identifies a vertebral type within the vertebral sequence of all mammals and ' ratness ' or ' mouseness ' or ' batness ' which identifies a species at any vertebral level. The specificity of this recognition is very high. A trained observer can easily distinguish and sort a mixture of bones from, say, 2 inbred strains of mice which have been deliberately mixed. It seems logical to suppose that most of this difference is genetic, and that the remainder produces a range of phenotypic variation around a mean shape for each vertebra of each strain.
These classes of difference give us an opportunity to investigate overall shape difference further. What is the relationship between homologous vertebrae from different species ? What is the relationship between adjacent vertebrae from the same species ? If a mixed sample is analysed for shape will segregation occur according to vertebral position or species, or neither ? The present paper looks at data from 2 different mammals. One set of data is from laboratory rats. The other is from an Australian bat, chosen because it is phylogenetically, geographically and functionally distinct.
  
The material used in this study was the cervical and upper thoracic vertebrae (C1-C7, T1, T2) from papain digested skeletons of 18 Sprague-Dawley rats aged 22 wk, maintained in a room lighted 6 a.m.-6 p.m. and fed standard chow and water ad libitum and 11 Fig. 1 . Outlines of vertebrae used in this study. Left, infilled, rat C1 to T2 ; right, in outline, bat C1 to T2. bats (Pteropus poliocephalus), the grey-headed flying fox, a large bat with a wingspan of 3-4 feet from the tropical eastern coast of Australia bred by Dr M Bennett, Department of Anatomical Sciences, University of Queensland. The first 9 rat vertebrae from each animal were mounted in sequential order on putty under a dissection microscope and oriented with the neural canal at 90m to the plane of focus of the microscope. A video camera was attached to the dissecting microscope and a digitised image of each vertebra was saved at i16 using a frame grabber card attached to a personal computer. Corresponding bat vertebrae (obtained after degradation by Domestid beetles, manual disarticulation and stringing in correct sequence on nylon line) were photographed in a similar orientation on a background of grey card in the Department of Anatomy, Perth, Western Australia on Ilford FP4 Plus film, using a Nikon 35 mm camera and macro lens. On return to the UK the negatives were subjected to the same regime as the rat vertebrae.
Digitised images of each vertebra were converted from grey scale to binary (black\white) form (Fig. 1) and the outer outline of each recorded as a stream of XY cartesian coordinates as described previously (Johnson et al. 1985) . The centre of area for each shape was calculated and the cartesian coordinates converted to polar coordinates based on this point. They were then rotationally aligned on a dummy shape by means of a least squares fit procedure and then realigned in the same way on the mean group shape for the relevant animal and vertebra. The number of polar coordinates was then standardised at 256 by interpolation.
Files of polar coordinates scaled to unit area were re-expressed as 16 Fourier cosine components in order to decrease the number of variables (Johnson et al. 1985) and then subjected to canonical analyses. This grouped similar shapes together in n dimensional space (where n is the number of Fourier coordinates) with n-spherical distribution.


Canonical analysis
It was immediately apparent from the groupings of vertebrae on the first 2 canonical axes (Fig. 2 ) that 2 groups of vertebral shapes were present, a smaller group containing only rat T2 and a larger group containing all other vertebrae. These are separated by more than 10 .. on axis 1. Because the presence of an outlier reduces the discrimination between the other observations the rat T2 vertebrae were excluded from subsequent canonical analyses.
The graph representing canonical axis 1 vs 2 without rat T2 (Fig. 3) gives a clear picture of the overall results of the study. The mean shapes of each vertebra form a single cluster spread along axis 1. Within this elongated cluster we can see vertebrae from both bat and rat interspersed, and make out subgroups. A pseudo 3-dimensional plot representing axes 1-3 is shown in Figure 4 . These 3 axes together account for 63 % of the total variation : 9 axes account for 98 % (Table) .

The shape differences we have demonstrated here, in a view which displays most of the shape information present in the bones, shows interesting but complex relationships between cervical and upper thoracic vertebrae. Some similarities and differences are very clear, others are more difficult to interpret. First, there are shape differences, which are clearly due to functional specialisation. The rat T2 is widely separated from the main mass of data, i.e. it is a very different shape. This is because of a functional specialisation, the necessity to attach muscles running between the occiput and the back and so maintain elevation of the head during quadrupedal stance and locomotion (Johnson & Kida, 1995) , leading to the presence of a large dorsal spinous process. This ' specialisation ' is common in quadrupedal mammals and not unique to rats. It is clear, however, that it would be of limited use in a flying mammal.
The shapes of C2 vertebrae, the axes, are almost identical in rat and bat, presumably because of their similar function, and consequently shape analysis places them very close together on the first 3 axes of variation. A similar situation arises with C6, which is again similar in shape in both animals, and plots at the same point on the graph of axis 1 versus axis 2, but is separated on axis 3 (Fig. 4) .
If we remove rat T2 and C2jC6 from the general distribution on the grounds already stated, T2 being an unusual shape because of its special function and C2s and C6s being similar because of common function, then a plot of the first against second canonical axis makes a simple overall division between rats and bats. Rats (except C2) form a group with negative scores on axis 1, bats have more positive scores. We can see here a specific difference in form which may be due to function or which may have phylogenetic implications.
The first axis of variation is often taken to represent size, which has been removed here by the analyses performed which scale shapes to a standard area. In our study it therefore probably represents a major component of shape change.
Any plot representing the vertebrae included in this study will classify them by similarity. We have already seen how a dissimilar outlier, such as rat T2 plots well away from the rest, and C2s and C6s plot together. The same logic dictates that the vertebrae nearest the average shape of the group will lie nearest the position 0, 0 on a 2-dimensional plot (or 0, 0, 0 on a 3-dimensional one). In practice this position approximates to a large group of vertebrae including C3, C4, C5 and C6 from both bats and rats. The order is intriguing : bats (along axis 1, score increasing) lie C6, C5, C4 and C3, indicating a possible trend ; rats run C6, C3, C4 and C5, suggesting that we may be in danger of overinterpreting the results. Because of their ubiquity we might speculate that this group of bones represents a basic vertebral shape, modified less by function than other vertebrae. Kessel & Gruss (1991) have also shown that these bones share identical or similar hox codes. A further group, both C1s, C7 from bat and T1 from rat lie in a similar position on axis 1 but separate on axis 2. These also conform to the bat\rat split : the outlying group with the highest scores on axis 1 are bats, plus the rat C2.
The grouping of the vertebrae, once strict functional similarities have been removed, suggests that batness and ratness, which we recognise subjectively, are also measurable, and are represented in this study on the first canonical axis as the largest difference between vertebrae. But what is it ? We have deliberately chosen disparate small mammals with differing locomotor patterns. Are the differences we see locomotor or phylogenetic or both ? We hope that a current study using material from 8 species of small mammal will provide at least a partial answer to these questions.
